As new wireless technologies become more and more advance so does their expanse of applications. Among other new and innovative wireless networks, Wireless Sensor Networks (WSNs) have emerged as highly flexible and dynamic facets that are being deployed in almost every type of environment whether it is rural, suburban or urban in nature. The most adaptive and innovative research avenues are being considered in an urban environment, where WSN deployment is especially demanding due to its harsh and perverse channel conditions. We have chosen WSN deployment in an urban environment as linchpin of our research. As each application scenario is different from the other, therefore WSN solution for each application has to be adaptive and innovative. We have discussed each application of WSNs in urban areas in detail with all the problems related to it and in the end, technical solution to those problems has been discussed.
Introduction
Real life events are transformed into data that can be processed, saved and used later for different purposes by sensor nodes in WSN. Each sensor node is modified distinctively in accord with their environment e.g. if sensor node is installed underground then it will have transceivers that have high transmission power in order to overcome noisy channel attenuations, while if sensor is placed in a marine environment (Hendee et al., 2012; Albaladejo et al., 2010) then their outer shell/encasement will be designed to withstand the effects of salinity, Q5 moisture and being water proof would be another important feature. These sensor nodes then convey the changes in environment to the main server where real time decision making takes place. Sensor networks help in preventing catastrophic failures through continuous and reliable monitoring (Dargie and Poellabauer, 2010) .
The miniaturization of electronic devices has promoted WSN deployment to the extent that high power consumption is no longer a big issue for large scale remote installations. As the technical issues in WSNs are being solved, their expanse of applications has also widened. In general, wireless sensor networks are installed on ad hoc basis which makes it easy to deploy. Wireless sensor networks utilize the sensor nodes to sense the changes in surrounding environment and relay the information via various methods to remote control center. Figure 1 represents common topologies of information flow in wireless sensor networks. In the left most corner of Fig. 1 , a sink node that gathers or collects the data from all the other sensor nodes is considered. A sink node can have same specifications as the other sensor nodes or it can consist of a customized device like a PDA, laptop etc. which in turn connects the sensor network to other networks. Similarly a sink node can consist of a base station that links the network data via internet to the remote control/monitoring center.
WSNs are being used for intelligent monitoring of temperature, humidity, water level, pressure, vehicular activity on roads, strength of mega structures like bridges, tunnels and buildings, criminal surveillance in alleyways and roads, remote health monitoring of multiple patients and many other applications (Akyildiz et al., 2002; Yick et al., 2008) . As mentioned earlier, each WSN deployment is dependent on and has to be modified keeping the environment of installation in mind. The harsher the environment's impact on sensors, the more robust the mechanical and electronic designing. The rural and suburban environments (Lloret et al., 2009) are less apt to cause distortions in wireless communications, while risk of environmental interference is high in urban environments.
Urban habitats are more prone to cause interference in wireless communication as population in urban areas is increasing day by day resulting in congestion and noise pollution. Technological solutions aiming at minimum cost, low energy consumption and easy deployment are being researched upon. WSN deployment in an urban environment has gained so much popularity that numerous unconventional applications have spurred up from each avenue. Wireless sensor networks are being deployed in sewers for sewage flood monitoring, methane and other hazardous gases' monitoring in sewers, as a solution for disaster relief strategy, infrastructure monitoring and for surveillance of criminal activities (Lim et al., 2011; See et al., 2012) .
Motivation and background
Urban environments are both noisy and limited in terms of space. Therefore, while considering optimal solutions for different application scenarios in urban environments, one has to keep signal interference and space constraint in mind. This paper gives a comprehensive description of numerous applications of wireless sensor networks in urban environments. Each application scenario is described with the related problem at hand and then different solutions are explored that can eradicate that problem. Finally, optimal solution which includes wireless sensor network deployment is discussed. Table 1 gives a complete picture of the WSN deployment scenario and the references are cited accordingly in order to validate as well as classify the conditions and innovative changes done for efficient adaptation of WSNs in any particular environment. For example, power system applications include references that discuss WSN deployment in different parts of power system and also the modifications done in conventional motes in order to sustain environmental changes in environments close to power system. Figure 2 presents the graphical categorization of applications included in this paper with reference to WSN deployment in cities.
Contribution of the survey article
Despite so many wireless sensor network applications in urban areas, cross-referencing and comparison of these applications as well as merits and demerits of WSN architecture have not been presented in the literature as yet. Consequently, an incisive study of numerous urban deployments of WSNs needs to be explored and a concise compendium of wireless sensor network deployment in an urbanized environment is in order. This paper presents a detailed and succinct description of wireless sensor networkbased implementation in numerous unique and innovative situations. Losilla et al. (2011) have focused on wireless sensor networks as being implemented for transportation related scenarios,
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while Yang et al. (2007) have described the sensor network deployment in power delivery system based applications like measurement of sag in overhead conductors over the entire transmission line. There is substantial research on individual applications in urban areas but an amalgamation of numerous scenarios has not been presented. Therefore, in this paper an attempt to describe various applications of WSNs while keeping an urban environment in mind has been done.
Organization of the paper
This paper is organized as follows: Section 2 gives a general overview of the power system applications of WSNs in urban environments. From Section 3-16, various versatile application of WSNs in an urban environment is discussed, while Section 17 concludes the paper. Table 1 WSN applications in an urban environment.
Application scenario References
Power system applications Chen and Lee (2011) , Erol-Kantarci and Mouftah (2011), Lim et al. (2010) , Lin et al. (2010) , Yang et al. (2007) , Gungor and Hancke (2010) , Wang (2009) , Cao et al. (2008) , Magno et al. (2015) , Ahmad et al. (2015) , Jiang et al. (2015) , Viani et al. (2014) Roadside and transportation applications Ceriotti et al. (2011) , Bruno et al. (2015) , Ferreira et al. (2010) , Festag et al. (2008) , Rahim et al. (2010) , Losilla et al. (2011), eun Yoo (2013), Ruiz-Garcia et al. (2010) , Boquete et al. (2010) , Perez et al. (2010) , Campbell et al. (2005) , Tang et al. (2006) , Tachwali and Refai (2009) , Bohli et al. (2008) , Lee and Gerla (2010) , Kafi et al. (2012a) , Nadeem et al. (2004) , Dashtinezhad et al. (2004) , Curiac and Volosencu (2010) , Kafi et al. (2013) , Kafi et al. (2012b) , Bennett et al. (2010) , Cheekiralla (2005) , Cheekiralla (2004) , Stajano et al. (2010) , Shafiullah et al. (2007) Disaster emergency response Gao et al. (2008) , Arattano and Marchi (2008) , George et al. (2010) , Casey et al. (2008) , Gray et al. (2011) , Li et al. (2011) , Jeong et al. (2008) , Tseng et al. (2007) , Przybyla et al. (2010) , Diamond et al. (2008) , Arora et al. (2005) , Barbeau et al. (2008) Healthcare applications Villacorta et al. (2011) , Morreale (2007) , Ko et al. (2009) , Chung and Liu (2013) , Yilmaz et al. (2010) , Ghasemzadeh et al. (2008) Gas monitoring Lim et al. (2011) , Jeong et al. (2008) , Wang et al. (2010) , Ni and Chin (2009) , Jawhar et al. (2008) , Yoon et al. (2011) , Wan et al. (2011) Gully pot monitoring See et al. (2012) , Gomez and Paradells (2010) , See et al. (2009) , Cao (2009) , Lin et al. (2008) , Lea and Blackstock (2014) Air pollution monitoring Mao et al. (2012) , Jung et al. (2011) , Bagula et al. (2012) , Ma et al. (2008) , Felstead et al. (2007) Structural monitoring Zarzo et al. (2011) , Zeng et al. (2011) , Capella et al. (2011) , Nagayama et al. (2006) , Garcia-Diego et al. (2010) , Kim et al. (2007) , Ceriotti et al. (2009) , Xu et al. (2004) Urban temperature monitoring Thepvilojanapong et al. (2010) , Croft et al. (2010) Solid waste monitoring Catania and Ventura (2014) , Longhi et al. (2012) , Boustani et al. (2011) Precipitation monitoring Li et al. (2010) , Murty et al. (2008) Water pipeline monitoring Jin and Eydgahi (2008) , Stoianov et al. (2007) , Whittle et al. (2013) , Almazyad et al. (2014) Ubiquitous geo-sensing Resch et al. (2010) , Resch et al. (2009) Commercial asset tracking Mason et al. (2007) , Liu et al. (2007) , Wheeler (2007) , McKelvin et al. (2005) 
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Riva (2007), Whitehouse et al. (2004) , Keh et al. (2014) , Kruger et al. (2015) , Jalali et al. (2015) , Chang et al. (2010) , Honjo et al. (2015) 2. Power system applications Urban areas are heavily crowded and power distribution systems are fairly overloaded due to which malfunctions and risk of blackout are high in these areas. The electric power systems are nowadays vulnerable to massive blackouts and can result in causing unimaginable financial and human loss e.g. the blackout of 30-31 July, 2012 in India affected as many as 620 million people, while blackout in Canada and US in August, 2003 caused economical losses worth of 10 billion dollars. Therefore, power system's safe and reliable operation is mandatory for ensuring stability and continued normal routine of citizens towards prosperity. A power system consists of three major parts i.e. generation, transmission and distribution. There is a dire need for pervasive monitoring and fault diagnostics of generation, transmission and distribution systems of the power grid. Figure 3 gives the classification of WSN deployment in a power system with respect to the part of the power system where WSNs are deployed. Table 2 gives the detailed summary of the WSN applications in power system scenario.
Performance monitoring of electrical distribution system
Currently, traditional grid monitoring systems utilize wired media for transmission of control data between remote control center and monitored entity e.g. pole transformers, and substations. Evidently, use of wired media results in increased cost of installation as well as maintenance cost. Due to economic reasons, wired communication cannot be expanded for long distances and is restricted for short range communication. In some countries like Korea, current, voltage and temperature readings are taken from pole transformers through cellular networks which are quite 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 expensive and due to this reason the interval between consecutive readings is quite large which jeopardizes the significance of entire monitoring process (Lim et al., 2010) . Therefore, a cost effective and reliable communication network that relays the monitored information in a timely manner is required so that efficient monitoring of the power system can take place. Wireless sensor deployment for this purpose is a new and hot topic of discussion among researchers. WSNs are essentially favorable for this kind of application because of their low cost, easy installation and reliable communication.
In Lim et al. (2010) , the authors have proposed a monitoring system for Electrical Distribution System where power system's voltage, current and frequency variations are monitored with the help of wireless sensor network which is both cost effective and requires less maintenance. The sensor nodes are placed on pole transformers and relay the information measured to the collection center via multi-hop protocols. The nodes take measurements every second which are sufficient for efficient and reliable detection of faults. The measured values include RMS values of current and voltage, power factor, temperature, noises like total harmonic distortion. The authors were able to perform experimental studies for six feeders connected to data collection center where each feeder consists of 300 pole transformers i.e. total of 1800 nodes. A tree based information forwarding protocol was implemented for realizing multi-hop communication.
Automatic remote meter reading system
A lot of time as well as man power is utilized in order to gather electric power consumption readings from electricity meters at the consumer side. Traditionally this was done manually by going at the end of the month to each house and taking readings. Considering the population growth in urban areas, this method is not suitable as it is very slow and time consuming. More technical methods for acquiring meter reading include use of cable systems or SMS based GSM usage. The cable systems as can be imagined are high in costs and difficult to install in an area where population is colossal. The GSM band, on the other hand is overcrowded and costly. Therefore, a cost effective solution is required for remote monitoring of electricity meter readings in urban areas. Jingjing Wang has proposed the concept of using GPRS based wireless as hoc network in order to acquire meter information remotely (Wang, 2009) . Each node in wireless ad hoc network consists of an ammeter, an acquisition card that contains microprocessor which incorporates ammeter reading into percentage electricity usage and a GPRS transmitter for communication with rest of the network. GPRS is better suited for communication because it is low in cost both at the time of installation and maintenance and has high data transmission rates.
Liting Cao et al. have proposed another way to automatically acquire meter readings by using the ZigBee technology (Cao et al., 2008) . Instead of GPRS wireless communication, the ISM band based ZigBee technology is utilized for communication between sensor nodes themselves and with data collector. Communication is carried out in two tiers; communication between sensor nodes and data collector is brought about by using the Zigbee technology (short distance) while connection between data collector and server is through Internet (long distance). The authors have also proposed a modified LEACH based routing protocol which optimizes energy consumption during transmission along with other parameters optimized in LEACH.
A heterogeneous wireless sensor network for electricity meter monitoring called EMMNet has been designed in Lin et al. (2010) . Set of standards and guidelines that are kept in mind while designing a solution for efficient meter reading monitoring, are thoroughly discussed and a compact comparison of existing technologies with EMMNet has been described. EMMNet is a heterogeneous wireless sensor network that has been especially designed for urban environments.
Smart grid sensor and actor network application
With the advances in remote monitoring and wireless technologies, the concept of smart grid has become a popular area of research. The basic motivation behind smart grids is remote control of various power systems accompanied with intelligent system decision making and automated action. In order to fulfill first requirement i.e. remote control of power systems, we need to have a data bank of specifications as well as current conditions of devices to be controlled. Therefore, extensive monitoring network has to be established as a necessary part of smart grids. The most eminent problem in this regard is the large expanse of power system spread. Another factor that contributes to the optimal solution is the low cost and low power consumption requirement of monitoring network. In near future, as the wireless technologies will prosper, a need for automated actions in smart grids will also become an integral part of customer as well as supplier demand.
Currently scalar sensors provide limited sensing which is then processed by a semi-automated Supervisory Control and Data Acquisition (SCADA) system. The SCADA system collects data from different scalar sensors which take in current, voltage and power measurements. Then it is sent to supervisory station where decision is made by operator or person in charge. This process is slow and requires human supervision at all times. Wireless sensor networks equipped with actor motes can be viewed as an optimal   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 solution. Low cost and power requirements of WSN are negligible in comparison with bulky and expensive equipment used nowadays. Another upside is that software tools can be used in order to bring about automation of entire smart grid monitoring and decision making process. Melike Erol-Kantarci et al. have proposed the deployment of wireless multimedia sensor and actor network (WMSAN) in smart grids. WMSAN is an integration of multimedia sensor nodes (which sense the desired parameters e.g. take video, audio and still images as well as scalar data in smart grid) and actor nodes (that respond to decisions made at supervisory level by operating/ mobilizing devices). In Erol-Kantarci and Mouftah (2011) various applications of WMSAN in smart grids along with open research issues and challenges have been discussed. The drawbacks of using WMSANs include limited bandwidth allocation, limited battery life and low reliability. Reliability is a crucial quality in power systems as a single misinterpretation that can result in a blackout. These and many other key factors have been discussed in Erol-Kantarci and Mouftah (2011) and a novel idea that supports automation and surveillance of smart grid has been critically analyzed from power system's modernization perspective. Gungor and Hancke (2010) give comprehensive study of the opportunities and challenges related to wireless sensor deployment in power systems. Wireless automatic meter reading and remote monitoring and control of faulty equipment have been discussed as prospective applications of WSNs in power systems. Challenges faced in WSN deployment have also been explained i.e. harsh environment of power systems, reliability and latency issues and resource constraints are discussed. Gungor et al. have conducted experiments to present statistical characteristics of link quality in wireless sensor networks. Mean power loss and shadowing deviation for outdoor substation, indoor power room and underground transformer area have been measured to find out link quality of WSNs in these areas. In Gungor and Hancke (2010) statistical measurement of link quality reveals that chip error rate can be potentially used as a metric for link quality estimation during deployment of WSNs in power system applications.
One of the major blackouts in the history had occurred in India in 2012 due to overloading and mismanagement of resources. About 20 states out of 28 total states in India were plunged into darkness as a result of 2012 blackout. Therefore smart grids have become a mandatory enhancement in existing power systems. Jiang et al. have envisioned a SCADA system that is ubiquitous and covers power generation, transmission and distribution networks completely (Jiang et al., 2015) . In Jiang et al. (2015) , a group of key management schemes has been implemented for smart grid group communications.
Monitoring sag clearance in overhead conductors
The overhead lines in power delivery systems are usually very old and heavily loaded; therefore they are subject to sag effect which occurs due to thermal expansion of overhead conductor lines. This is undesirable because in densely populated areas, sagging of overhead lines can cause electrocution of civilians posing danger to human life as well as affect system performance. Yang et al. (2007) present a survey of all the sensor networks that can be used to monitor and solve this problem. Some methods are prohibitive like use of ACCC cables while others utilize sag measurement sensors to alleviate this problem. The sensor nodes can be equipped with a sagometer which visually measures sag through video, inclinometer, Laser Distance Measurement sensor, or by using a differential GPS technology (DGPS). DGPS utilizes two GPS receivers; one is positioned on the base station while the other one is mobile. The relative motion of base receiver and rover receiver (mobile) gives the position of conductor and eventually leads to sag measurement. Other sensors include tension sensors and resistive wire sensors.
In addition to sag effect, another reason for blackouts or power outage is the overgrown vegetation near the transmission lines. The blackout of 2003 in US-Canada had occurred due to overgrown trees that were too close to the transmission lines (Gill, 2015) . This had resulted in outage of three 345 kilo-volt and one 138 kilo-volt overhead lines causing large financial losses to power generation companies as well as consumers. In Ahmad et al. (2015) , wireless sensor network is deployed in order to monitor vegetation growth around overhead conductors by using cameras. Captured images are transmitted wirelessly to the base station. Then, image processing is performed in order to calculate tree height and distance from overhead conductor and 3D localization of vegetation around overhead lines.
Thermal rating monitoring of conductors in power systems
Power systems contain conductors that have been used for long periods of time and stressed out by overloading. The current power grid is overloaded and congested due to escalating demand for electricity. In such a situation it has become imperative that existing power grid is monitored periodically for temperature rating of conductors in order to avoid major blackout. Yi Yang et al. have presented a comprehensive survey on wireless sensor networks' deployment for power system asset monitoring e.g. underground cable monitoring and conductor galloping. There are wireless solutions for temperature monitoring of power grid conductors. Thermal measurement is directly related to sag, tension etc. therefore timely detection of conductor temperature change can result in prevention of larger disaster. Yang et al. (2007) have presented a survey of dynamic temperature measurement devices that can act as sensors in wireless sensor network for monitoring temperature variations in conductors. These sensors include power donuts which are self-powered wireless devices for monitoring temperature variations as well as sag calculation of conductor. Other sensors include tension monitor, power line sensor and conductor replica which replicates the conductor characteristics without being a part of conductor being placed in close vicinity of conductor to incorporate similar weather conditions.
Energy conservation in domestic loads using wireless sensor networks
Use of wireless sensor networks for monitoring power system parameters has become open research issue. Most of the urban environments are inhabited by middle class citizens trying to better their financial condition. Therefore energy saving is very important for urban areas. Chen and Lee (2011) have proposed the use of wireless sensor network in order to monitor and control the usage of different light, thermal and vibration sources that contribute to heat production and eventually contribute to high air conditioning costs. Chih-Sheng Chen et al. have provided a case study of four convenience stores in Taipei (Taiwan) where WSN has been installed in order to monitor and ensure optimal energy consumption. Each sensor node consists of temperature and humidity sensors in order to take measurements of surrounding area as well as photo voltaic cell to act as power supply for sensor node. The light falling on photovoltaic cell from the light sources acts as a source of energy for sensor nodes while predicted mean vote is used to create a balance between comfort level temperature and energy saving. The experimental results showed that energy saving of about 53% was achieved and cost of WSN installation was recovered within 5 months of system installation. In Magno et al. (2015) , the authors have conducted an experiment 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66   67  68  69  70  71  72  73  74  75  76  77 of deployment of motion and light intensity detection based sensors in busy office environment in order to control the energy consumption by LED lights in the office. The results of six months' surveillance have shown energy conservation of about 55% while for spring seasons energy consumption was reduced by 69%.
In Viani et al. (2014) , the concept of optimization of energy consumption in smart buildings has been presented. The authors have utilized wireless sensor networks in order to monitor power consumption by different appliances within a building and a game theory based analysis and decision support system has been proposed. The data acquired from sensors attached at the power sockets in the buildings is analyzed and an optimal solution is found which helps the users in decision making process of how to reduce energy consumption. The idea of optimization of power consumption is highly productive considering power shortage in developing and under developed countries. The authors of Viani et al. (2014) have certainly taken a step towards the right direction by proposing smart energy conservation systems in buildings.
Gully pot monitoring
Sewer flooding is a familiar problem for any individual residing in an urban environment. It can be caused by excessive rainfall in the area, little or no land drainage or sewer blockages etc. The factor that has maximum contribution to flooding of gutters is overloading of sewers in combination with frequent blockages. It is common knowledge that sewage water contains organic waste along with industrial waste which is infested with toxic substances and pathogenic organisms. Therefore, flooding can result in widespread of diseases for humans as well as animals. If sewage water enters into a marine environment, it contaminates the living organisms and destroys the scenic beauty. The effect of sewage on coral reefs has been extensively studied and results show that it inhibits their growth in small quantities whereas high sediment deposition may even be lethal as evidenced in Lapointe et al. (2011) and Wenger et al. (2015) (causing algal blooms and release of toxins in the sea). There are many other adverse effects of sewage flooding like damage to property and sewage water can also contaminate drinking water.
The approach adopted by water companies in order to monitor and prevent such a scenario is direct manual inspections that are scheduled regularly. In addition whenever a customer reports a blockage, a support team actively rectifies the chance of flooding by cleaning up the pipelines. Presently, flood monitoring is done by using Closed Circuit Television (CCTV) cameras which is a rather expensive and limited frequency solution and retrieval of data has to be done manually. Another alternative is the use of Public Switch Telephone Network (PSTN) via cabling which as can be expected has high power and cost requirements.
The most promising cost effective solution that also satisfies low power consumption requirements is the use of wireless sensor network for sewage flood monitoring. See et al. (2012) have proposed that the wireless sensor system overlaid on mesh network has proven to be a very favorable solution. The system constitutes acoustic sensor nodes installed beneath the gully grate or manhole (which sense the water level), a data gatherer set up on a lamppost (which collects data from all sensor nodes) and a user remote terminal (which is the server database). Figure 4 shows the actual placement of different components of the gully pot monitoring system proposed in See et al. (2012) . Sensor nodes contain a zigbee transceiver which is used to send data to data gatherer, data acquisition board that is used to drive sensor probe and sound sensor probe that detects water level. Sensor node construction is especially modified in order to cope with a harsh urban environment. The Linux operating system is used as a data gatherer or as a hub that not only forwards the data to server but also routes and reconfigures nodes. It communicates data to the remote server by using GPRS connection. The remote server terminal eventually displays data on a webpage and stores it in memory as well for future reference. Cao (2009) has presented a sewage flooding monitoring system based on wireless mesh networks. The proposed system consists of three main components i.e. sensor nodes that actively monitor the water level in sewers as well as power consumption of each sensor node, and pH level and temperature; a data collector that acts as a gateway between sensor nodes and monitoring center; monitoring center based on the FPGA technology that analyzes received information and takes intelligent decisions which are relayed back to sensor nodes via data collector. The sensor nodes communicate with the data collector through ZigBee transceivers while communication between gateway and monitoring center is brought about through Ethernet. The sensor nodes are further divided into two types based on their on-off mode. Most of the nodes are active for only limited time to perform sensing operation, in order to conserve energy. While some sensor nodes are fully functional for all time; these are called coordinator nodes as they act as a bridge between data collector and other partially active nodes.
In See et al. (2009) , the authors have documented field trials in urban area of Bradford (UK). The wireless sensor network based on mesh topology and governed by Zigbee communication was deployed with acoustic sensors for monitoring any leakage or blockage in the sewage system. The sensor node consists of two acoustic transmitter and receiver that communicate with each other via acoustic waves after every five minutes. Water overflow is detected on the basis of principle that acoustic waves travel faster in water so when sewers are flooded waves take less time to travel from transmitter to receiver. Data from sensor nodes is relayed to the data gatherer that finally forwards information to GPRS based server. The authors claim that the proposed system has 80% reliability which can be further enhanced by varying position of aerial of antenna.
Lin et al. have presented a novel application of wireless sensor networks for underground monitoring of the water flow in fire hydrants and detecting any flooding or leakage. In Lin et al. (2008) sensor node is placed under the lid of fire hydrant while relay nodes are placed above ground for communication with server. The authors have focused on the physical layer of this underground sensor network and proposed the use of two-Ray model under the assumption of flat earth.
Another novel application of gully pot monitoring can be its integration with wireless sensor networks for home automation as in Gomez and Paradells (2010). Such a system will be able to function across the realm of heterogeneous networks and a wide variety of environments. This is still a new area and needs research Table 3 gives an overview of gully pot monitoring applications that utilize WSNs.
In Lea and Blackstock (2014) , concept of smart city based on internet of things (IoT) has been presented. The authors have proposed the use of IoT hubs in order to solve the issue of data interoperability. The proposed system has been deployed in UK and Canada where main focus was on road infrastructure and smart city applications respectively. In UK, smart street hub was deployed where multiple applications like "roadworks gully correlator" that correlated the drain overflow with road construction, a pothole prediction application that predicts the formation of potholes based on water seepage under road. The use of IoT hubs is an innovative idea for gully pot monitoring that not only solves interoperability issues but also facilitates easy accessibility to IoT resources.
Transportation applications
Wireless sensor networks are being deployed in a variety of novel applications that aid the drivers and add to their ease. This section has been divided into four sub-sections based on application scenario and spatially utilized feature of entire transportation system i.e. whether an application scenario calls for vehicular network, and roadside communication or transportation network (cf. Table 4 ).
Urban traffic monitoring
As the population of urban area increases, so does the number of vehicles on the road. A time comes when the capacity of road network is exceeded and as a consequence traffic congestion and in extreme cases traffic jam becomes frequent. Traffic congestion can occur due to several reasons which are mostly random and described in the literature by empirical models. Scientists attribute a series of small incidents (known as butterfly effect) as the leading cause of traffic jams (Holbrook, 2003) . Any small incident like breaking down of a car in the middle of the road can cause a ripple effect that then propagates through entire road network and causes traffic jams in poorly planned and highly loaded roads.
The road network acts as the backbone of nation's economy. Traffic congestion and frequent traffic jams can put a dent in nation's progress as its citizens are crippled for transportation. Another negative impact that is caused by traffic jams is higher chance of road accidents as can be expected by repeated stopping and moving of cars. There is also frustration and stress among the belated drivers which results in road rage. Delay in everything is added as an inherent part of day to day tasks which reduces the productivity of individuals in each and every field. Therefore there is urgent need for traffic management/monitoring in urban environments in order to instigate progress and productivity.
Existing solutions for traffic monitoring include wired technology based devices that have high power consumption and are bulky as well. Being bulky in nature, scalability is an imminent issue and maintenance is not cost effective. Additionally these devices require the positions of vehicles to be predefined which can be highly probable in real traffic flow. With the advance in wireless technology especially wireless sensor networks, a cost effective and miniaturized solution is available. There are many variants of WSN that consider the optimization of one or more parameters like traffic optimization, parking management etc. Kafi et al. (2012a Kafi et al. ( , 2012b have assembled a review of prevalent applications for traffic monitoring while keeping a certain parameter as the center of research. In general, sensors are mounted on road lampposts and/or on vehicles as well. The sensors gather the data regarding position, speed and images of vehicles, weather condition and traffic flow condition. In Kafi et al. (2012a) each application is described in context of problem that it alleviates. For instance, traffic congestion is targeted and optimization algorithms along with real time traffic light management for optimal (2008) Water flow, pressure and vibration P2P Mica2 acoustic sensor - Lea and Blackstock (2014) Water flow and blockage detection IoT -UK and Canada Kafi et al. (2012a) , is presented in Kafi et al. (2013) which gives a broader overview of applications and the requirements fulfilled in these applications and also addresses the open issues that still remain to be explored. For example, parking applications are described in terms of architecture mostly used in these applications and whether deployment is software based or experimentation etc. In Nadeem et al. (2004) , Dashtinezhad et al. have presented the concept of TrafficView; a WSN based framework that allows driver to keep track of traffic, road conditions, position and speed of drivers and other factors. Each vehicle acts as a node in TrafficView and is equipped with a portable computer that keeps track of global time, vehicle position, speed and most importantly identification number of vehicles etc. via GPS receiver, wireless card for network connectivity, DSP-100 to connect computer with GPS receiver and OBD-II interface that is used to query the computer about vehicle parameters. The authors implemented four different algorithms for performing data aggregation as a result of which a ratio based data aggregation algorithm performed the best in terms of flexibility.
Curiac and Volosenco have proposed a hierarchical wireless sensor and actuator based network that performs the task of traffic management by optimizing flow of vehicles as well as pedestrians by controlling traffic light system in a city (Curiac and Volosencu, 2010) . There are three levels of hierarchy namely sensor nodes (acting as passive devices) that relay sensed information through single of multi-hop data transmissions to the cluster heads i.e. actuator nodes, actuator nodes that perform both the tasks of actuation (like varying the time intervals of traffic lights in response to computation performed by actuators themselves) and sensing, a base station that collects data from actuator nodes and performs the decision making.
In Dashtinezhad et al. (2004) , TrafficView as explained in Nadeem et al. (2004) has been extended by designing a navigation system that allows the drivers to monitor or virtually see beyond their actual line of sight and keep track of traffic congestion etc. In Dashtinezhad et al. (2004) , the authors performed practical data collection by driving eight vehicles on a road while measuring their location, direction, identification number and speed etc. This data was then fed into the TrafficView emulator that performed data dissemination and aggregation (by using a ratio based algorithm). The accuracy of navigation system was measured by correctly identifying roads in Middlesex County, New Jersey, USA. Ferreira et al. (2010) have devised a novel way to control traffic congestion at intersections of city by denouncing traffic light infrastructures at intersections and employing in-vehicle traffic control through WSN deployment. Traffic light signaling is performed through vehicle-to-vehicle communication and is adaptive to the dynamics of the always changing traffic density at the intersections. The basic concept is the selection of leader that controls the virtual lights protocol whenever intersection is approached. Each node consists of DSRC device, GPS device and a digitized road map so that it can communicate with nearby vehicles and keep track of its location with respect to other nodes. The DIVERT simulator was used for testing the accuracy of proposed protocol in comparison with physical traffic light infrastructures being deployed in Porto city, Portugal. The results show that proposed protocol of quasi-traffic light deployment displayed almost 60% increase in traffic flow rate.
Transportation based applications
The transportation system within a city usually used by average citizens comprises of bus facility. As urban residents are a part of fast life they expect the transportation system to be equally fast in order to keep up with their daily hectic routine. In developing and under-developed countries the reliability of bus service is usually questionable resulting in schedule violation and lack of route following etc. by the drivers. In such circumstances the citizens face difficulties in getting to their workplace on time which creates general sense of frustration among them eventually affecting their ability to give full devotion to their assigned tasks. Another noteworthy factor adversely affected by unreliability of the transportation system is the transportation of goods/products within a city. Vegetables and fruits etc. are grown in rural areas and are transported usually by road to urban environment for the purpose of selling. These commodities have a very small shelf life and are easily effected by transportation jitters or other delays. Consequently, in the long run progress is hampered through such activities as transportation acts as a backbone for economic growth of a Nation.
There are many ways to keep check and balance about the problem at hand. Conventionally, this is done manually under human supervision that is both erroneous and prone to bribery etc. A more reliable and cost effective method is deployment of wireless sensor networks in order to continuously monitor cold ambient temperature for vegetables and fruits etc. and for keeping track of location and time of arrival and departure of buses in the city. Bruno et al. (2015) have documented the use of wireless mesh network for monitoring the location, time of arrival and route followed by each bus etc. PORTAL, a mesh network system that provides travel information provision to bus users has been deployed in Portsmouth city in Europe. The network consists of 300 buses equipped with GPS capability of monitoring bus location and GPRS backbone for data/voice communication, an information display system at each bus stop to let passengers know when their bus will arrive and where is it now and a server that centrally controls the network performance. This monitoring system has been reported to enhance passenger-friendly experience and also adherence to schedule by bus drivers.
In Ruiz-Garcia et al. (2010) , the authors have presented a case study for ambient condition monitoring for fresh product transportation over long distances. The application scenario comprises of ZigBee network based continuous ambient condition monitoring of fresh lettuce being transported from Mercia city (Spain) to city of Avignon (France). The truck carrying the lettuce filled cardboard boxes was fitted with four ZigBee based sensor nodes controlled by a coordinator, monitoring temperature, relative humidity, truck stops and door opening etc. The results showed that the relative humidity and ambient temperature were dropping way below the standard temperature for maintaining the freshness of vegetables.
VANET based applications
VANET based applications are versatile when considered in context of urban environment. There are many applications of vehicular communication that are being discussed under this heading. In Rahim et al. (2010) , a multimedia based communication framework is employed for VANET based applications. In order to minimize the data load and bandwidth limitations in the case of multimedia data traffic, the authors have proposed the concept of discarding redundant data and prioritizing the users to be indulged during high data traffic scenario. This in turn enhances network efficiency and reduces the network data load in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 VANETS. The proposed framework boasts to identify malicious node and discard its data as well. The NS-2 simulator has been used to verify the theoretical claims as well as an Evalvid tool.
A unique and novel application of WSNs for VANETs has been proposed in Boquete et al. (2010) in which a persons' way of driving is monitored through an on board unit on vehicle (cf. Table 5 and Fig. 5 taken with slight changes from Boquete et al. (2010) ) and on the basis of analysis of sensed data it is decided how much should his insurance be. The basic purpose of this system is to check how much the driver is cautious of the neighboring vehicles, whether he follows the traffic signals or not and is his driving reckless or not. The sensor system comprises of sensor board stationed on the vehicle which utilizes cellular network to send the data to the control center and is also equipped with GPS/ UMTS module for internet connectivity. The system also keeps track of how many times the driver uses his mobile phone during driving.
In Lee and Gerla (2010) and Losilla et al. (2011) , a survey of VANET based applications is performed along with prevalent technologies used nowadays to bring about vehicular communication. The authors have also presented the challenges faced during WSN deployment in such application scenarios. For example, the authors have mentioned that road safety warnings should be part of VANETs and are subject to open research but due to the non-real time responsiveness of these networks, their full potential cannot be realized. Another important application is car diagnostics in which all the components of a car are tested for proper working. The authors have divided the VANETS into two global categories i.e. infrastructure-to-vehicle communication network and vehicle-to-vehicle communication network.
eun Yoo (2013) has proposed the deployment of Telematics sensor network that analyzes the vehicle performance on the road without using bulky wired detectors. The sensor network consists of sensor nodes placed on the road that detect whenever a vehicle passes over them and relay the information to sink node on the roadside. The sink node attaches the time stamp to the event packet and then forwards it to the com node that is subject to level-based static protocol for routing. The com node then forwards the information to the host which analyzes the data and interprets it in terms of speed, vehicle density in each lane etc.
Roadside applications
The life in cities has taken a fast pace with citizens running to tackle time constraints and overlooking few rules on the way. It has become a custom to speed drive in cities which endangers life of drivers as well as other individuals and property close to the driver's area of impact. On the other hand, other problems faced on roadside are lack of safety, accident prevention and postaccident management. The applications included in this section have one key feature in common i.e. in addition to vehicular communication these applications also require interaction with roadside sensors.
Wireless sensor network deployment in cities has become so favored in last few years that it has resulted in the formation of little WSN based islands. In Bohli et al. (2008) , an integration of existing roadside sensor islands has been proposed for the purpose of accident prevention as well as post-accident management. The authors have proposed the use of two wireless standards i.e. IEEE 802.15.4 and IEEE 802.11p in order to alleviate the need for separate roadside sensor units. The accident prevention is carried out through WSN islands actively detecting road conditions and conveying information to vehicle passing by the area which preforms data aggregation. The vehicle then sends warning messages to the other vehicles in the area so that data is disseminated along the roadside. For post-accident assistance, the authors restrict the gathered information for use of specific authorized personnel like 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 65 66 In Perez et al. (2010) , a vehicle speed control mechanism is proposed that performs infrastructure-to-vehicle communications utilizing wireless sensor networks. The ordinary traffic lights are equipped with long range RFID tags that have the capability of measuring vehicle speed and send warnings to the vehicle containing corresponding RFID tags on board, in order to avoid collisions. Th RFID tags on vehicle are interfaced with actuators that control the longitudinal speed of the vehicle by maneuvering brake and throttle, thus automatically control it by making use of fuzzy logic algorithm designed by the authors.
In Ceriotti et al. (2011) , a novel WSN based solution for controlling the lighting system inside road tunnel has been proposed. The sensor network contains multiple gateways in order to provide safety against gateway failures and sensor nodes (placed on walls of tunnel) equipped with four digitized light sensors and one temperature sensor. The PLC is used to perform actuator functionality for adjusting light according to tunnel illumination requirements. The proposed system also provides energy conservation at the end of tunnel where sunlight is abundant and lighting is not required.
In Tachwali and Refai (2009) , a WSN based collision evasion system ha been proposed to be deployed at intersections in a city. The proposed wireless sensor network consists of two types of nodes i.e. stationary nodes placed near the road and mobile nodes that are mounted on the vehicles. The roadside nodes monitor the vehicles' location and number of vehicles within a pre-defined region around intersections to inform the approaching vehicles of the possible danger of collision. Each vehicle is given a unique identification number to identify it and stationary as well as mobile nodes operate in an event driven manner so that energy conservation is ensured.
Car park assistance applications
It has been studied that car parking has become a serious problem in urban areas as off-street parking requirements are implemented in most cities. The citizens have a problem finding a parking space due to congestion and day by day increase in the number of vehicles in the city. Donald Shoup, a UCLA Professor has closely studied the effects of free off-street car parking and stated that roaming in search of free parking spot contributes to about 8% of traffic congestion in cities and causes loss of citizen's precious time (Shoup et al., 2005) . The people have to physically circulate the area in search of a free parking spot which is hectic and not to mention time consuming. It has also been thoroughly discussed in Shoup et al. (2005) that by charging for parking spots' occupation can result in betterment of economy and can lead to reduction in oil and gas prices and also contribute to lessening the effects of air pollution caused by cars circulating the city in search of a parking spot.
Aiding the citizens in finding a parking spot while aiming at optimizing driver's time wastage as well as providing him with real time information regarding free and occupied parking spots in an area has become an open research issue. Multiple story parking lots and other new and innovative methods are being adapted in different cities around the World to overcome the problem of parking in cities. Usually video cameras are utilized for monitoring the vacant and occupied parking spaces but this requires high data rate and also increased data traffic congestion due to bulky nature of video data. A wireless sensor network that actively monitors all parking spaces equipped with precise and quick to respond sensors is a cost effective as well as low data rate requiring solution.
In Tang et al. (2006) , an intelligent parking management system has been proposed that actively keeps track of free and occupied parking spaces by utilizing WSN capabilities. The sensor network consists of sensor nodes based on mesh topology deployed in parking spaces in one sensor node per parking spot manner and each node is equipped with light, temperature and sound sensors to actively monitor when a car enters or leaves the parking space. The sensor nodes wirelessly relay their gathered information in an event driven manner, in order to optimize power consumption of motes, to the gateway that stores it in a database by means of internet capability. MOTE-VIEW is a software tool employed by authors in order to visualize and analyze the gathered information and allow drivers to find parking spots by using internet to access database harboring parking state in an area.
In Campbell et al. (2005) , IRISNET a wireless multimedia sensor network that globally monitors cities for multiple application scenarios by making use of cameras i.e. coastal imaging and parking assistance to citizens are two main avenues utilizing IRISNET capabilities. As mentioned earlier, video data is more bulky and requires larger bandwidth for transmission as compared to audio or other analog data, therefore as a solution to this problem IRISNET stores the gathered information from sensor nodes in close vicinity of sensor nodes in XML database in organizing agents which are internet connected devices and only transmits the critical information to front end user application. IRISNET provides web based graphical user interface in which user inputs current location and destination where the user has to go. As a result GUI shows the closest parking spot to that destination that is not occupied as well as the route that should be followed to reach that spot.
Underground railway tunnel monitoring
A city is characterized with respect to its prosperity based on efficiency of its transportation system. Traffic congestion is common problem in densely populated urban areas therefore alternate modes of travel are created to ensure fast transportation capability e.g. underground railway/subway and underground tunnels. These infrastructures once constructed are expected to last for hundreds of years so they have to be robust and should be able to withstand the environmental effects with the passage of time. No matter how tough and pure material is used for construction of these infrastructures, there is always a chance of deterioration with the passage of time. If such infrastructure degrading is left unchecked for long it can result in unfortunate disasters of enormous magnitude e.g. Lane Cove tunnel collapse in Australia in 2005. Therefore, periodic monitoring of infrastructure health has to be done in order to prevent big disasters from occurring.
Traditional methods of underground tunnel monitoring comprise of routine checkups or special visits of maintenance team to underground tunnels which are both costly and time consuming not to mention prone to human error. In such a scenario, a continuous, reliable and low cost monitoring system is required that also meets the demand of high precision. Wireless sensor network deployment in underground tunnels for monitoring any deterioration in infrastructure health is a promising solution to the above-mentioned problem as it is low cost and ensures active pervasive monitoring. Stajano et al. (2010) have performed wireless sensor based monitoring of three infrastructures i.e. Humber suspension bridge, Ferriby Road bridge of reinforced concrete and Jubilee line underground railway tunnel in London . The third site is of our   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 interest as sensor network has to be modified in order to withstand the extreme channel conditions experienced in underground environment. The authors placed 26 nodes in underground tunnel in order to monitor inclination, displacement temperature or humidity in concrete covered underground tunnel. The authors have provided guidelines on how to carry out deployment procedure with maximum chance of successful operation. WSN deployment was especially challenging in underground railway tunnel due to small interval in which no trains pass through the tunnel. The authors also admit that WSN deployments are still in prototype phase and demand a lot of research for commercial use.
In Cheekiralla (2004 Cheekiralla ( , 2005 , an idea for underground tunnel monitoring using centralized wireless sensor network consisting of 18 sensor nodes and a base station is presented. The application scenario is different from above-mentioned case as it monitors deformation of tunnel while another tunnel is being constructed beneath it. An underground tunnel in London was monitored for any displacement in vertical direction due to construction of two new tunnels exactly beneath it. Each sensor node monitors the changes in pressure on tunnel walls where reference is taken from the sensor node placed farthest from the construction site. Monitoring system was simple and easy to deploy and measured accurate readings of pressure changes by use of pressure transducers (Cheekiralla, 2004) . Bennett et al. (2010) have presented a case study of wireless sensor deployment in Prague underground Metro and London underground tunnel section i.e. Jubilee Line. The authors have cited the issues related to underground monitoring in both the application scenarios. For Prague, a wireless sensor network consisting of sensor nodes (consisting of inclinometers and crackmeters), relay nodes and modem (placed at the station) based on a cellular technology was implemented. In London, there was no cellular converge inside the tunnels therefore cellular network could not be utilized. Therefore, an alternative solution consisting of Linux computer connected to the wireless sensor gateway via Ethernet cable was devised. Consequently the sensor nodes communicate among themselves through wireless communication while communication between gateway and server is through Ethernet. The server or Linux computer is placed above a vent shaft while sensor nodes and gateway are installed directly in area of interest.
After much discussion about underground railway tunnel monitoring, a few lines on railway monitoring are due. Although, monitoring systems for normal railway systems are comparatively easier to design as there is no space constraint and noise effects are also relatively low, there are certain modifications that have to be done in conventional WSNs for successful operation. Shafiullah et al. (2007) have done a survey on wireless sensor deployments for railway system monitoring. They have performed analysis of different parameters that have to be kept in mind while monitoring railway systems e.g. security and safety, and passenger guide. Finally the authors have presented their own work on Hunter Railcars in Australia where wagon temperature, humidity and vibrations are regularly monitored through WSN deployment in order to prevent disastrous outcomes.
Disaster, emergency and security applications in urban areas
Disasters can occur naturally due to random environmental events or may be caused by man e.g. criminal and terrorist activities. Nature, when bent on showing its wrath, can cause destruction of entire towns leaving no trace of industrious buildings behind. Ensuring safety and security of citizens of a nation are the paramount objective of country's security services which in case of failure can result in unforeseeable disasters. In both cases it is imperative to provide efficient detection and recovery mechanisms from these sort of disasters. WSNs are emerging as a promising solution for this problem. WSNs can be employed for surveillance, tsunami detection, intruder warning and facilitating in other disaster emergency responses (Table 6) as explained below.
WSN surveillance
It is common knowledge that terrorist attacks and malignant activities have resulted in loss of countless lives as well as financial property. In addition, illegal items are constantly circulated through specific routes within a country which act as fuel for unfortunate events like bombings, plane crash etc. Most of the incidents are caused due to ignorance of ongoing events and can be prevented by timely surveillance of high security areas usually called as hotspots.
Conventional methods of surveillance include video monitoring where cameras are attached at major hotspots in order to capture any suspicious activities. Interpretation of such systems is hard to do automatically since each video scene has to be interpreted differently in order to identify object of interest. There are two prevalent practices i.e. static monitoring where monitoring devices are stationary and mobile monitoring where surveillance equipment is mounted on moving robots. Each type has its own advantages and disadvantages. An optimal solution that can provide continuous long term surveillance services demands an intricate network of monitoring devices that relay the monitored information to each other and also to the server so that a global 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66   67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131 132 
picture of overall situation can be achieved. Wireless sensor networks have emerged as a promising solution that is both effective and cost efficient. In Carpenter et al. (2011) , the authors envision the use of mobile sensors mounted on taxi or cabs vehicles in order to detect the presence of nuclear materials within urban areas. Therefore whenever a person enters a taxi his belongings will be detected by using radiation detection sensors and communication devices like GPS and cell phones also enable alarm sending. The police vehicles of New York city are already utilizing small sensors for detection of nuclear materials. Whereas in Byrd et al. (2005) , an intricate network of self-aware sensors has been proposed that detects potential nuclear material smuggling by monitoring traffic flow in cities and highways. Przybyla et al. (2010) present a novel way to monitor the smuggling of nuclear material in a country from source location to destinations. It has been suggested that use of wireless sensor networks is well suited for this scenario as it can help in identifying routes followed by smugglers for illegal entry of nuclear material into the countries' boundaries. The authors have created a similarity between transportation routes and nuclear material smuggling flow so that monitoring of source and target cities can be done by utilizing both mobile and static nodes in WSN. The Kalman filtering approach has been implemented in order to locate the routes followed as well as increase the accuracy of correct decision. Multiple scenarios have been considered and it is suggested that proposed framework can have long lasting effects on reducing the nuclear material smuggling and eventually nuclear material based terrorism.
Similarly Tseng et al. (2007) have also proposed the idea of iMouse which is an integrated wireless sensor network consisting of mobile as well as static sensors. The basic functionality of iMouse is to provide surveillance of urban area and detect change of events whenever anomalous event takes place e.g. if a fire starts in an area then static sensors placed there will report that event to server. Server then commissions mobile sensors to investigate the matter further and provide additional information like cause of fire, presence of inflammable material close to the effected are etc. iMouse is event driven therefore power consumption is low while efficiency is high.
Tsunami detection and response
Tsunamis have become more frequent in recent years due to geographical changes slowly altering the face of the Earth. The intensity of tsunamis and subsequent flood on land can cause enormous financial as well as human loss. For example, Tohoku earthquake followed by magnanimous tsunami in 2011 resulted in 15,641 casualties and innumerable financial and property losses (Mori et al., 2011) . Cities populated close to coastal areas, are more susceptible to dangers of tsunamis due to lack of foliage that tend to act as buffer slowing down flood, poor infrastructure planning as well as high population leading to greater number of casualties in case of any natural calamity. Whenever a tsunami strikes an area, its major infrastructures like bridges, roads and hospitals etc. are most effected which delays the search and rescue missions and also increases probability of greater number of fatalities.
Prevention and timely detection of tsunamis have never been traditionally reported due to lack of competent equipment and haphazard nature of its occurrence. Tsunami is usually a consequence of large scale earthquake deep in sea beds. Traditional means of tsunami detection consists of randomly placing sensor buoys in sea that sense changes in water pressure and store data. The drawback in this case is that the researchers have to acquire data manually by going into field which is inconsistent in terms of continuous monitoring and dangerous as well. Therefore, a unique application specific solution is required that performs real time monitoring and detection of tsunamis and disseminates warnings to prepare the inhabitants of urban areas to take precautionary measures.
In Gray et al. (2011) a semantic sensor system has been proposed that performs multiple services like generating alarms, integrating internet to provide users with real time changes and combination of heterogeneous data types for data analysis and manipulation. The authors have used predictive ontology based web services to perform flood forecasting and provide support after the flood strikes in order to facilitate authorities in emergency response. With the help of previously stored data, the sensor nodes predict the average height of sea waves for coming 8 h over the coast of Portsmouth city, England. Different types of users can access web application distinguished on the basis of their role e.g. flood support authority or recreational tourists and their interests e.g. monitoring flood possibility or ship safety. The authors have integrated OGC-SWE web framework with the semantic sensor network so that OGC-SWE specific applications are also incorporated in semantic network.
Another solution to tsunami detection and mollifying its' effects has been presented in Casey et al. (2008) . Casey et al. have proposed the idea of ad hoc sensor network for underground water pressure monitoring to actively monitor danger of tsunami as well as mitigate its effects by firing barriers and therefore reducing its' force. The proposed network consists of three types of nodes i.e. sensor nodes for sensing changes in water pressure; commander nodes that are equipped to analyze data forwarded by sensor nodes and predict the chance of tsunami and relay command to barriers to be fired or not in accordance with the analysis result; barrier nodes which activate the barriers to lessen the effects of tsunami. There are 80 sensor nodes, 2 commander nodes and 4 barrier nodes in prototype network. The authors have also proposed a directed diffusion based routing protocol as well as clustering mechanism to increase efficiency of flood detection. In addition a prediction algorithm for prediction of direction of progression of wave has been proposed inspired by the RAP protocol and based on general regression neural network.
In Li et al. (2011) a wireless sensor network has been proposed to monitor flooding in Poyanghu Lake, China. It consists of field sensor that senses water level and sends it to base station which is equipped with GPRS/GSM capability and data center that integrates GPRS/GSM information on the internet. The data center stores information in a database and displays it in the form of graph so that authorities can monitor hourly change in water level. The authors claim that their RWMS system is half as expensive as compared to other devices available in China.
Disaster emergency response
Storms and hurricanes can emerge from thin air and destroy entire cities while tornadoes have the power to wipe out entire houses. The forces of nature are both brutal and unpredictable. Millions of people die due to natural disasters each year. Those who are left alive are trapped with no electricity, food or water and no way of communicating with outside world. The houses are either completely destroyed or face a high risk of collapsing on top of the survivors. All modes of communication are blocked including mobile services, landline as well as roads which are either covered with water or debris. The first thirty six hours are most critical after any disaster hits a specific area. The disaster response teams have a great difficulty in communicating with the survivors and the longer it takes to get to the survivors the less are the chances of survival.
Under such grim circumstances there is a demand for a fast, efficient and reliable disaster response system that is easily deployable in disaster struck area. Traditionally, disaster relief   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 teams exchange information verbally and check and balance is kept only through hand written tables or charts. Wireless ad hoc and sensor networks (WASNs) can increase the efficiency of disaster relief teams substantially and can save a lot more lives as compared to traditional methods. In order to be easily deployable, WASNs have to be optimized according to the nature of disaster as well as the type of disaster struck area. Wireless ad hoc and sensor network has to be modified at each level in order to become easily scalable and effectively reliable. Once WASNs are modified so that they can be integrated with variety of environments and can be extended to maximum number of nodes then it becomes the optimal solution to disaster relief activities.
George and Stoleru et al. have innovatively modified traditional Wireless Ad Hoc and Sensor networks in order to be incorporated into the disaster relief program. DistressNet is a sensor network that is scalable, heterogeneous and consists of sensors that are capable of determining their location, sensor name and network address. In George et al. (2010) multiple networks are integrated with the help of DistressNet in order to harmonically co-exist and cooperate with each other in disaster area. The basic concept is to take readings and communicate them to the command and control center. There are five basic networks that are interlinked to form a DistressNet namely: BodyNet, TeamNet, VehicleNet, AreaNet and SenseNet. BodyNet consists of sensors that keep track of vital signs of the host as well as the status of the individual wearing BodyNet. The data from BodyNet is sent to command center through higherlevel networks i.e. VehicleNet or AreaNet. TeamNet is a small network which is formed by the inter-communication of BodyNets of different team members. It is basically for support and communication between team members. VehicleNet and AreaNet act as backbone of DistressNet. VehicleNet acts as a mobile router in large disaster areas and it also forms a bridge between TeamNet and BodyNet with the rest of the network as well as command center. AreaNet consists of static nodes that are capable of transferring large amounts of data like image, audio as well as video. It also acts as a bridge between 802.15.4 and 802.11 networks. Sen-seNet is deployed for specialized applications like structural monitoring for stability of buildings and audio monitoring for survivors. Therefore DistressNet combines variety of networks to facilitate and fasten the disaster relief teams' activities.
Another example of disaster response is the use of miTags as in Gao et al. (2008) . Gao et al. proposed the idea of miTags in order to monitor the health of individuals in the disaster areas as well as keep track of casualties to notify the hospitals in the vicinity of disaster area to be prepared for emergency. MiTags can be integrated with two different types of networks i.e. short range body area network that keeps track of the vital health signs of the wearer as well as long range wireless network that acts as a bridge between miTag and web server. Each miTag can sense and relay vital signs, location of patient as well as triage (what is the priority given to the patient) status of the patient to the monitoring center. Vital signs monitoring equipment consists of pulse oximeter, blood pressure cuffs, ECG sensor and temperature sensors all of which are fitted to wirelessly communicate vitals of patient. The miTags communicate with the server through long range repeater network. The repeater nodes are strategically deployed in the disaster area to form a mesh network of routers in which miTags act as sensor nodes that relay information to the repeaters which further transfer information to server. Gao et al. (2008) can be used in many hostage situations in urban areas in addition to being deployed in numerous disaster relief situations.
Debris flow is the major natural disaster that is very common in mountainous terrain which receives heavy rainfall. The cities that are effected by debris flow are numerous in number including city of Messina, Italy (Aronica et al., 2012) , town of Armero, Columbia (Crowley et al., 2003) etc. debris flow disaster is common in cities built on mountainous terrain. In China and Japan, debris flow monitoring and warning systems are important area of research as debris flow is common problem in certain regions. Traditional methods of debris flow warning system consist of wires which when broken by boulders in debris, tell us what is the height of debris flood but these are useless after 1st time use. Arattano and Marchi (2008) gives an overview of the debris monitoring and warning systems being deployed in such situations. Wireless sensor networks are the paramount solution suggested in Arattano and Marchi (2008) . There are two types of WSNs i.e. advance warning network in which sensors keep track of rainfall in an area in order to pre-determine the chance of possible debris flow while Event warning networks come into action when debris flow has issued. Event warning systems consist of radar and ultrasonic sensors. Therefore both networks can transmit warnings which can be relayed to traffic lights on roads to warn the travelers of potential threat of debris flow. Figure shows the spatial placement of sensors and the responding warning traffic lights in such a scenario.
Intruder detection
An open research issue that has gained popularity among researchers is intruder detection in security-high-alert areas. Although manual ways of keeping an area secure are effective, nonetheless chances of human error and lack of alertness have resulted in several incidents of security breach. Wired security systems are too costly to cover entire span of security critical are. Especially due to rise in terrorist activities, the need for an efficient and reliable intruder detection system is long overdue. Detection itself is not enough; some measures have to be taken in order to identify the intruder in a timely manner so that the adverse effects of intrusion can be nullified as fast as possible.
The risk of terrorist activities is most likely to occur in crowded or high-population areas like urban transit systems like railway stations, tunnels, bus stations and airports etc. Since these areas are open to all individuals and most likely to be over-crowded, the chances of security breach incidents are high. The constraints of cost and deployment issues in such a vast environment also play a large role in selection of security systems. Therefore an optimal solution needs to be small in size so that it appears inconspicuous to public, low in cost, facile deployment and easily scalable for large areas. Wireless sensor networks have been utilized for this purpose as they fulfill these requirements as well as other important features, problem under consideration demands.
Barbeau et al. have carried out field trials in which WSNs have been deployed for intruder detection in parking areas, tunnels and transit areas. The developed system is named "Wireless Sensor Network-Intruder detection and remote notification system" (WSN-IRNS). It monitors the presence of intruder with the help of Passive Infrared sensing elements mounted on a sensor that wirelessly transmits the notification of security breach along with a picture of the intruder taken from a camera mounted on sensor via internet to the remote base station as well as the transit authorities on duty. Another mechanism used for this purpose is the use of magnetometers. Magnetometers operate in pairs and detect the smallest changes in magnetic field e.g. changes in magnetic field due to a weapon held by an intruder. In Barbeau et al. (2008) magnetometers are placed on either side of a street that is mostly crowded by people. This project successfully detected the intrusion of individuals as well as vehicles in parking areas as well as heavily crowded streets. Arora et al. (2005) have devised a project named "ExScal" which is envisioned to be deployed for infiltrator detection for security of pipelines in danger of being sabotaged as well as across the country's borders for illegal immigration control and for monitoring invader movements in areas that lie in vicinity of highsecurity plants and other buildings. The project specifications include the deployment of more than thousand motes of WSN overlaid on more than two hundred mote-wireless ad hoc network (acting as a gateway) over the area of 1.3 km by 300 m. This monitoring system is capable of sensing multiple infiltrators as well as tracking and classifying them individually. The sensor nodes were of passive infrared sensing type and each time the sensor surface charge changed in accordance with the body heat of intruder a signal was sent to the gateway nodes (Diamond et al., 2008) . The reliability of this project can be measured from the fact that sensors are heavily deployed on the boundary that whenever an individual enters, at least 10 PIR nodes detect its presence while the presence of SUV is detected by 5 magnetometers and 30 PIR sensors minimum. Figure shows the topological placement of sensors and the diameter of sensing for ATV, SUV and intruder detection.
Health-care applications
A Nation's prosperity is measured by the quality of healthcare facilities enjoyed by its citizens. The emergency rooms in hospitals are always overcrowded while patient's health as well as time is wasted due to limited number of hospital staff. From patient's perspective, reaching hospital in urban areas where traffic congestion is common, is hectic as well as taxing task. Hence there is an active need for improvement in provision of healthcare facilities for patients.
Provision of Tele-healthcare in rural areas has been thoroughly researched and implemented in China and India but healthcare capabilities in urban areas have not yet been fully exploited. The most obvious solution to reduce overcrowding of emergency rooms in hospitals and to facilitate patients is to provide doctor's expert opinion to patients at their home without the need for doctor's physical presence. Therefore, a wireless sensor network that monitors patient's vital signs and continuously conveys the recorded information to the doctor's office is a promising solution (cf. Table 7 ).
In Yilmaz et al. (2010) , a survey of wearable sensor devices and correlated wireless technologies for the healthcare application scenario has been done. The healthcare monitoring parameters selected by authors include chronic diseases like heart problems as well as assistance systems for elderly as their interest for survey. A discussion of issues related to sensors attached on or around human body is presented along with various communication protocols employed for the said purpose.
In Morreale (2007) wireless sensor networks have been deployed in an urban environment for three different scenarios. The first one is Tele-rehabilitation which equips the patient recovering from bone injury like fracture etc. with body sensors that monitor the time duration for movement as well as angle of movements remotely while specialist can review the results from his/her office and perform diagnostics. The second consists of Telemedicine in which asthmatic effects in patients in response to changing environment at their home like odors given off from new carpets etc. are monitored and correlated with patient's condition. Thirdly, above two scenarios can be combined to actively monitor patient's vital signs and his surrounding environment. The passive monitoring of patient's home for asthma causing materials can help in early detection of cause of asthma attacks before the actual attacks take place. Ko et al. (2009) have presented the concept of MEDiSN, a wireless sensor network deployed in emergency room of a hospital in urban area. The sensor nodes measure the heart rate as well as blood oxygen level of patients in waiting area of emergency room and relay information to relay points that are installed in predetermined positions to ensure bidirectional Collection Tree routing protocol. The authors used miTags for sensor nodes while a laptop with Telos mote was used as a gateway between relay points and heterogeneous networks. The routing occurs at relay point level while the sensor nodes only transmit data (using 802.15.4 links) to relay point with best chance of reception. The system was deployed for ten consecutive days at a hospital in Baltimore and accuracy of 99.
The population of people over the age of 60 is increasing day by day and an increase in their relative percentage in overall population of country has been observed. Under these circumstances, it is becoming increasingly difficult to provide assistance to the elderly while keeping cost factor in mind. In Villacorta et al. (2011) , a cost effective solution has been proposed that also allows old people to live independently in their homes while being closely monitored in case any assistance is needed. Villacorta et al. have proposed the use of surveillance system designed for security purposes for monitoring the activities of elderly in their own homes or in a nursing home where they are allowed to have a small apartment at their own disposal while nurses are close at hand for assistance. The only change they have proposed is in the actions taken after information regarding a patient is acquired e.g. if the patient is physically disabled and cannot leave his bed then there should be no movement in his rooms which can be monitored through acoustic sensors. The proposed wireless sensor network consists of acoustic, video, RFID and other sensor modules that are strategically placed in patient's home. The control unit in WSN consists of a computer that takes intelligent decisions based on fuzzy logic methods comprising IF-THEN states. Case studies of nursing home as well as patient's home have been described in detail.
In Chung and Liu (2013) a TeleHomecare system has been proposed for the assistance of the elderly at their own home to monitor their physiological parameters and keep track of changes in health by using wireless sensor network. Body temperature and   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51 Table 7 Healthcare applications summary.
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Movement recognition TDMA protocol Accelerometer, gyroscope -Centralized -heart beat are the primary physiological parameters measured while using ZigBee communication for storing data in database at control center i.e. a computer. A camera is also installed in patient's room but only switched on when caregiver needs to monitor patient's condition. Visual Studio based user interface stores and displays sensed and videotaped data and sends alerts to families or patients in case of anomalies. A phonology based patient movement body sensor network has been proposed by Ghasemzadeh et al. (2008) for assisting the elderly at their homes. The sensor node consists of accelerometer, microcontroller, gyroscope and a radio communication. The authors have placed 18 sensor nodes on human body to distinguish between small movements made by human body. Each node corresponds to phonological primitives enciphering body movements. Furthermore clustering techniques for sensor nodes have been utilized for identifying movements from primitives. The authors claim to have 91% accuracy in identifying human body movements.
Gas monitoring
Urban areas are buzzing with activity and each individual is busy trying to make his life better. In hustle bustle of city, every man is trying to do more in less amount of time. Everything is being digitized for the betterment of mankind. In this context, gas based applications in urban areas are no exception. Whether it is sewage gas monitoring or natural gas pipeline leakage detection, man has found a way to automate these tasks through the pervasive use of wireless sensor networks (cf. Table 8 ). Even the time consuming task of taking gas meter reading has been made easier through the use of wireless sensor networks. Following are some examples of gas monitoring in urban areas.
Sewage gas monitoring
The most perverse and dangerous task that falls under municipal jurisdiction is the inspection of gas concentration in sewer pipes. Wastewater consists of human waste, wash-water from dishes and clothes etc., and industrial wastes like chemical products or toxic water etc. Many biochemical reactions take place in sewers due to decomposition of organic matter along with industrial waste. Harmful gases like methane, carbon dioxide, hydrogen sulfide, ammonia, sulfur dioxide and other toxic substances are generated in sewers. These gases when present in high concentrations create fire or in extreme cases explosions and in mild concentrations are of concern because of their smell and hazardous effects on human health.
In urban areas, sewage water is transported by means of complex and constricted underground pipe system. Regular inspections have to be carried out in order to ensure that gas concentration does not exceed the safe limit. Current methods employed for this purpose are life threatening as direct inspection and maintenance procedure requires going down the sewer in person. There are some indirect ways for inspection and maintenance as well. These include detection of pipe leakage by using smoke and dyes of fluorescent nature and by using cameras or sonar systems for flow monitoring.
A novel solution for in situ gas monitoring has been proposed by Lim et al. (2011) in which a floating sensor is deployed in upstream sewers. The reason that in-sewer gas monitoring is preferred is that gas concentration is the main indicator of sewer conditions. If the gas level is low then it can be easily inferred that sediment deposit on the ground are not high and there is little chance of corrosion. The floating sensor takes gas measurements as well as geographical location coordinates as it drifts along in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Table 8 Gas Jeong et al. (2008) have presented the construction of special multilayer composite antenna for in-sewer monitoring. The antenna is fitted in a manhole where it has to sustain harsh environments not to mention enormous noise from ongoing road traffic above the manhole. The antenna is sandwiched between two layers of multilayered fiber glass composite material and then tested in an anechoic chamber which absorb reflections of antenna itself and do not allow external noise to enter into the chamber.
A novel solution for monitoring Carbon dioxide emissions in sewers has been discussed in Wang et al. (2010) . Wang et al. have discussed the LT (long-thin) network topology for wireless sensor network deployment inside sewers. The authors argue that a single data aggregation point like a gateway installed on the manhole to relay information to remote server is not as feasible as having multiple data agglomeration points. Having a single data aggregation point or gateway not only puts constraint on gateway node computation but also jeopardizes its battery life to decay faster. 100 sensor nodes are deployed and LT based network topology is compared with DR and SWA schemes. The results show that proposed scheme significantly decreased the number of packets transmitted by sensor nodes which in turn reduced energy consumption.
Gas pipeline monitoring
Among all resources in the World, Natural Gas has plays a vital role in country's progress in an industrial domain. As urban areas are admittedly more developed and densely populated as compared to rural area, availability of natural gas via underground pipelines is prone to leakages. The underground pipelines systems are usually installed to carry out their operation for many years; therefore they tend to deteriorate with the passage of time due to environmental changes as well as deficiencies in pipeline material purity. Gas leakages are more dangerous than water pipeline leakages as gas can ignite and cause explosion of enormous multitude. Hence, timely detection and identification of location of leakage is necessary.
Traditional methods of leak detection involve regular inspections by gas pipeline maintenance personnel so that leaks may be undetected for time intervals between consecutive inspections. Another solution to this problem is wired monitoring in which sensors monitoring leakages are connected through wires to server. Wired monitoring is very expensive and underground installment and maintenance is very difficult. Use of wireless   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 sensor network for gas pipeline monitoring is a cost effective as well as reliable solution (Figs. 6 and 7) . Wan et al. have proposed the deployment of hierarchical WSN with multiple parameter monitoring based on cluster formation among sensor nodes (cf. Fig. 8 which is reproduced with slight changes from Wan et al., 2011) . In Wan et al. (2011) gas pipeline monitoring is done while considering common underground deployment issues like background noise, ambiguous signal reception and contradicting information reception from overlapping clusters. The wireless sensor network is divided into clusters that consist of sensor nodes and sink nodes. The data is monitored through sensor nodes and then forwarded to sink via multi-hop communication. Multiple leakage detection sensors are employed at sensor node so that there is no ambiguity or false alarm regarding gas leakage. To counter balance the effects of environmental interference, wavelet transform is employed at sensor node to make detected signal more accurate. First detection is made at sensor level where data from multiple sensors is integrated. Secondly, at sink level final decision is made as to the location of gas leak on the basis of weighted average localization algorithm.
A routing protocol that optimizes battery life and network reliability for underground gas pipeline monitoring is proposed in Jawhar et al. (2008) . Jawhar et al. have proposed a hierarchical architecture for wireless sensor network which consists of three types of nodes i.e. sensor nodes that sense pipeline leakage, data relay nodes that gather information from sensor nodes and data dissemination nodes that collectively gather data from relay nodes and disseminate it into the entire network. The number of data dissemination nodes is less than relay nodes which in turn are fewer as compared to typical sensor nodes. Another unique feature in Jawhar et al. (2008) is the linear structure of addressing in wireless sensor network. The node address has three fields i.e. node's own address, address of relay node it belongs to and parent data dissemination node address. Thus, routing protocol utilizing jump always and redirect always based algorithms is implemented by utilizing novel addressing scheme.
Another unique application of gas pipeline monitoring is steamflood monitoring. Steamflood is a mechanism utilize in oil extraction when oil is too viscous and needs to be heated before it can be extracted from the oil field. Therefore, steam is pumped into the underground oil reservoir to make oil less viscous in consistency. Steam (gaseous form of water) is pumped through pipelines that need to be monitored continuously as high pressure can cause pipes to break and cause leakages. Yoon et al. have proposed WSN based steamflood monitoring system called SWATS that also monitors waterflood pipelines (Yoon et al., 2011 ). The proposed system monitors pipeline damage due to external force, leakages, blockage and any damage to splitigator etc.
Gas meter monitoring
Urban areas are being modernized to the end that minimum amount of time is wasted while keeping cost parameter at its lowest. Natural gas meters are installed at each house, shop or industries in order to perform billing procedure depending on the amount of gas consumed by customers. Gas meters are conventionally monitored by Gas company personnel by regular visits to gas meter sites. This is rather time consuming as well as expensive due to the fuel costs added due to individual visits to gas meter installation sites. Therefore, a new and advance solution for gas meter monitoring is required.
Japan has utilized telephone systems for monitoring gas meter readings but due to high cost of wired system it is not feasible. In Ni and Chin (2009) , wireless sensor network based on hierarchical architecture has been proposed for gas meter reading monitoring. The authors have proposed ZigBee based wireless communication between gas meter nodes equipped with ZigBee transceivers. Some gas meter nodes can act as routers while a single gas meter in a building acts as a hub that collects data from all gas meters in a building and then forwards it to hand held wireless link.
Air pollution monitoring
As the World becomes faster and more connected, our environment is suffering adversely. Advances in the field of transportation and industrialization have rendered our environment polluted as our air is covered by clouds of harmful gases consistently making us sick. Air pollution is mostly prevalent in urban areas due to high density of transports and industries harbored within a small area. Mostly CO 2 , NO x , SO 2 , benzene, O 3 , H 2 S and other gases are major contributors in causing air pollution.
The global warming has resulted in melting of glaciers in North and South poles while increasing the climatic temperatures around the World. Carbon dioxide emissions have contributed widely in global warming over the past few years which is the major consequence of hyped fossil fuel usage. It has been surveyed that urban areas are major contributors of CO 2 emissions i.e. more than 80% of CO 2 emissions are originated from urban areas around the World although urban areas only cover 2.4% of total land area of the Earth (Churkina, 2008) . If steps are not taken, immediate   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 consequence of air pollution in urban areas and long term effect on global warming can render CO 2 emissions leading cause of environmental mass destruction. Therefore, CO 2 monitoring and regulation within safe limits has become mandatory for the safety and wellbeing of future generations.
Traditional methods of CO 2 emission monitoring involve estimation of fossil fuel and other raw material consumption by countries each year which is not accurate since the sequestration capabilities of a country are overlooked. Another method is the measurement of CO 2 flux in the air. This can be done by using infrared radiation which is readily absorbed by CO 2 . Therefore by comparing between transmitted and re-emitted radiation in the atmosphere, amount of CO 2 present can be inferred. Both these methods are estimation based and do not accurately depict the true amount of CO 2 present in an area. Another alternative is the use of high precision devices which have a high cost and power consumption requirements. Finally, an optimal alternative that minimizes cost and power consumption while keeping accuracy of measurement paramount is the deployment of wireless sensor networks (cf. Table 9 ).
In Mao et al. (2012) a large scale deployment of WSN for CO 2 monitoring has been established in the urban area of Wuxi, China. The sensor network consists of 100 CO 2 sensing nodes which do not perform the task of data relaying due to high power consumption and 1096 relay nodes that perform sensing (temperature, light and humidity) and relay functions hand in hand. The authors have proposed the geometric representation of Steiner Tree group with Holes problem in order to strategically deploy two different types of nodes while keeping network performance and area coverage as parameters to be optimized. Routing protocol adopted for this purpose was based on Collection Tree strategy. Optimal node placement was accomplished by the G-GSTWH algorithm.
In Ma et al. (2008) a P2P based WSN deployment for air pollution (caused due to transport emissions) monitoring in London where air quality has deteriorated over the passage of time. MoDisNet is a wireless sensor network that consists of both mobile (attached to vehicles) and static sensor nodes which are deployed on the basis of e-Science grid infrastructure. The sensor nodes are based on the GUSTO technology that utilizes ultraviolet radiation to measure the contents of multiple pollutant gases like CO 2 , NO x , SO 2 , benzene and O 3 etc. Distributed clustering has been implemented in order to ensure efficient network performance while data mining is done so that gathered information can be analyzed. Jung et al. (2011) have implemented a geo-sensor network that monitors air pollution and takes pollution prevention steps. The authors installed 24 sensors for monitoring dust, ultraviolet radiation, CO 2 , humidity, altitude, wind speed and direction and other parameters. Ten routers were installed for routing the information to the control server which performs context aware analysis and provides the user with pollution statistics via graphical user interface that alerts the user of near future dangers of air pollution e.g. possibility of a dust storm in a particular area, and fire and smoke warning. The pollution prevention has been performed by warning the manager of a building of potential air pollution and using window actuators to close windows to prevent pollution of air inside the building.
In Bagula et al. (2012) , ubiquitous sensor network for monitoring air pollution in Cape Town, South Africa has been implemented by using WaspNet architecture. The novel characteristics of WaspNet are efficient data dissemination, security and readiness for long distance deployment. The sensor node called as Waspmote monitored temperature, pressure, humidity, CO 2 , methane, ammonia and eight other gases. The sensed information was delivered to the users by making use of Google Maps. Data   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  Table 9 Air pollution monitoring applications summary. References
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Routing dissemination was accomplished by using ZigBee and GSM technologies so that in case of sensor failure routing path was restored. In Felstead et al. (2007) , field trials of vehicle gas emissions held in specific sites of Winchester by making use of remote sensing have been documented. Radiography by means of Selective Detection (RSD) has been employed to measure the gas emissions from a vehicle which is then correlated with vehicle license plate and model number. The driver is informed of vehicle emissions as good, fair or poor displayed on the roadside screen. This information is then displayed on a website in order to create awareness among drivers and cause them to take precautionary measures.
Structural monitoring
Historical places in urban areas are more prone to environmental degradation due to harsh nature of urbanized atmosphere. Air pollutants and other factors like CO 2 concentration (Bonazza et al., 2009 ) lead to faster deterioration of historical buildings while new buildings face a higher risk of accidents like spreading of fire, collapse due to deteriorated condition and de-coloration of buildings etc. If the deterioration of a building is not detected and repaired in time, disastrous outcomes are evidently going to take form. For example, in 2013 the cracks on the commercial building named Savar in Dhaka, Bangladesh were detected too late resulting in collapse of 8-story building during rush hour and causing 1129 casualties and 2515 severely injured citizens (Miller, 2013) .
Structural monitoring has been performed through visual analysis of building or installation of cabled sensors that measure response based readings. The first solution is more given to errors and slackness. Moreover, routine inspections are few and far between which can result in building damage between two consecutive inspections. The second solution i.e. use of wired sensors, is expensive and has limited accuracy due to deployment of small number of sensors pertaining to high cost. Therefore, a more robust, low cost and efficient system for monitoring structural health is required. With the advances in wireless technologies and embedded systems, sensors have been optimized with wireless connectivity along with efficient and low power and cost components. For structural monitoring, wireless sensor networks provide optimal solution as low cost, efficient and timely detection of deterioration of building is ensured (cf. Table 10 ).
In Nagayama et al. (2006) , a model based on data aggregation in wireless sensor networks is proposed along with hardware implementation. Verification of the Natural Excitation algorithm for data size reduction by making use of correlation functions has also been done and results show that data size is decreased by a margin of 20-40. The authors have used three sensors deployed on three story building scaled to the size of shake table. Strain sensor is installed on first floor while acceleration sensors are deployed on second and third floors. The sensor on third floor acts as a reference node for the network. Each node consists of anti-aliasing filter that further enhances the accuracy of the received data. By using NExT technique for data aggregation, power consumption at sensor level is also reduced due reduced wireless communication.
Fire imperilment detection and keeping track of direction of fire progression is a highly difficult task as it requires timely and real time detection and analysis of rapidly changing environment. In Zeng et al. (2011) , an adaptive routing protocol for wireless sensor network deployed for fire detection in a building has been proposed. As the fire progresses within a building, there is a need for safe evacuation as well as guidelines for fire fighters about the temperature and safe paths to take. In case of fire, node failure is inevitable, therefore new routes have to be established and dynamically changed. There are four states for each node i.e. "safe "   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Table 10 Structural monitoring applications summary. References Average recovery latency, power spectral density signifying safe environment, "lowsafe" when there is probability of fire, "infire" when a sensor detects fire and "unsafe" when a sensor cannot function properly due to fire. The authors have used NS2 for simulating a 100 sensor WSN that follows EAR routing protocol and boasts better results than RPAR protocol in terms of end to end delay and packet miss ratio. Buildings constructed by making use of wood are usually victim of termite/pest attacks. Capella et al. (2011) have proposed a hierarchical cluster based WSN that monitors the wooden buildings for pest attacks and monitors changes in temperature and humidity around these buildings. The proposed sensor network is currently deployed in Valencia Cathedral in Spain. The authors have proposed EDETA protocol for increasing the scalability of the network which consists of cluster as well as tree configuration. The clusters are formed by individual sensor nodes that relay their information to cluster heads while cluster heads collectively arrange in tree architecture. In comparison with LEACH protocol, the proposed protocol has caused reduction in power consumption and is more open to scalability of network.
In Zarzo et al. (2011) and Garcia-Diego et al. (2010) temperature and relative humidity monitoring of Frescoes paintings in the Cathedral Valencia, Spain have been presented and results gathered from 3 years of continuous monitoring are documented. Due to the delicate nature of paintings canvassed on the walls of cathedral conventional means of monitoring could not be adopted. The authors deployed 29 sensors on the walls with 10 sensors deployed in plaster layer supporting frescoes, 10 sensors on the walls close to frescoes and 9 sensors were deployed in different locations inside the vault containing Renaissance Frescoes. Principal Component analysis technique was adopted for analyzing the gathered data and it was found that humidity in walls of cathedral close to frescoes differed from that on cornice which is coherent with the physical findings. Xu et al. (2004) have presented the concept of "Wisen", a wireless sensor network for structural health monitoring that constitutes a base station centrally controlling sensor nodes. The system design has been tested through hardware implementation inside a hospital ceiling synonymous structure. The sensor network consisted of 10 nodes that were equipped with accelerometers that relayed recorded vibration data to base station within 5 minutes of vibration generation. The distinguishing features of Wisen are data transport reliability by utilizing both end to end and hop to hop techniques, data compression through wavelet compression and lastly time stamping that synchronizes the data by time synchronization of sensor nodes globally.
Mega structures standing on the edge of cities, linking them to the rest of the world. Golden Gate Bridge links San Francisco urban area with the Marin County in USA. It had been constructed in 1937 as the longest suspension bridge of its time. In Kim et al. (2007) , a wireless sensor network consisting of 64 equally spaced nodes has been deployed on the bridge in order to monitor the effects of wind and earthquakes on the structure and compare them with ambient surroundings (cf. Fig. 9 ). The sensor node consists of two accelerometers and a thermometer to monitor vibrations and ambient temperature. The data is relayed through 46 hop network which is also equipped with data dissemination through Broadcast. A laptop acts as a base station that is equipped with higher computational capabilities like internet and analysis of gathered data.
In Ceriotti et al. (2009) , the medieval tower called Torre Aquila in Trento city, Italy possessing frescoes paintings on its walls has been monitored for the deformation in the tower due to vibrations caused by traffic (as the tower's ground floor is open and used as a passage for traffic) and other unforeseen events. The authors have used fiber optic cables (placed throughout the length of tower) and accelerometers interfaced with motes customized for high data storage by interfacing FRAM with it. The sensor network consists of 16 nodes with a single sink placed at the top of the tower to ensure WiFi connection. The nodes were strategically placed on 1st, 2nd and 3rd floor of the tower to ensure early signs of deformation. Another unique feature is the use of TeenyLIME, a middleware for WSN programming of MAC and routing protocols etc. without having to use basic operating system constructs.
Urban temperature monitoring
It has been observed that the temperature in urban areas is relatively higher as compared to rural areas due to the lack of vegetation and open spaces in an urban environment. There are certain high temperature zones that suffer greater variation in temperature as compared to other areas. Under such circumstances, it is inconvenient for inhabitants of urban environments to go out. The lack of foresight in designing of cities and towns can result in elevated temperatures that can only contribute to already polluted urban environment. Therefore, microclimate changes and their probable causes in urban areas need to be investigated to facilitate urban inhabitants.
An elaborate study of urban temperature has not been conducted in past decades but with the advance in wireless technologies new avenues have emerged. Pervasive monitoring of urban environmental temperature is now possible with the help of wireless sensor networks (cf . Table 11 ). Such analysis can lead to various new and innovative applications for facilitating urban inhabitants e.g. a navigation system for cyclists that calculate the optimal route based on the least hot areas or parking area that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62 63 64 Fig. 9 . Wireless sensor deployment on golden gate bridge.
Table 11
Temperature monitoring applications summary.
References
Parameters Types of motes City deployed in Network topology Thepvilojanapong et al. (2010) Temperature distribution Illumination, vibration, temperature, and battery's voltage sensors might be cooler than the rest. Therefore WSN deployment in an urban environment for temperature monitoring is a promising solution to many problems faced by its inhabitants. In Thepvilojanapong et al. (2010) , the authors have presented results of their experiment of densely deployed WSN for temperature monitoring in Downtown, Tokyo. The authors emphasize the need for close-knit deployment of sensor nodes based on the fact that temperature in two closely spaced areas may not be same due to various reasons like amount of shade in an area, sunlight falling directly at the spot etc. The sensor network named UScan consists of three major components. The authors have deployed around 200 sensor nodes to gather thermal data for a period of 2 months. This information was relayed to relay nodes that forward it to the server that manages the database for thermal data along with location. For the interpretation of such vast amount of data clustering technique has been proposed.
In Croft et al. (2010) a case study of WSN deployment in Union County, New Jersey (USA) has been presented with reference to environmental parameter monitoring in the area under consideration. Temperature, humidity, pressure and light were the four parameters measured through sensor nodes profusely deployed in Kean University in Union County. Carbon dioxide concentration and sound were two other factors monitored less frequently by in-situ sensor deployment. The GIS based framework was utilized for visualization analysis of multi-layer results obtained from sensor nodes. The information was aggregated into an online website that mapped the area and displayed the user interactive results of temperature monitoring. The users could manipulate data and ask queries regarding previously archived data.
Solid waste monitoring
Solid waste management in urban areas is critical due to high population increase and congestion in urban areas. Handsome amount is spent on solid waste aggregation in order to keep a city clean and odor free. On the other hand, customer satisfaction is another important parameter to be considered in this case as slackness can result in overfilled bins as well as pungent odor. In such a scenario, timely pickup of garbage is required brought about through coordination between customers and municipal authorities. Another important factor is cost reduction, which can be done by collection of waste only when bins are completely filled so that the fuel cost of pickup trucks is reduced.
Traditionally, solid waste is collected periodically by trucks without any route optimization and unplanned stops are frequent. Additionally, population growth has escalated the garbage generation so that traditional methods of garbage collection are no longer feasible or customer friendly. A novel way of tackling this problem is the use of wireless sensor network to monitor the status of waste bins and calculation of optimal route to cover all completely filled bins while keeping fuel cost minimum (cf .  Table 12 ). This can minimize the margin for human error or negligence while keeping customer satisfaction at top priority (Longhi et al., 2012) .
Boustani et al. have presented the concept of pervasive computation for solid waste management in cities. Trash tags consisting of GPS combined with GSM technology based sensors which track the location of waste components to check the routes followed on their way to end-disposal. The tags are used to track the path followed during disposal of each solid waste material. In Boustani et al. (2011) practical implementation for the cities of Seattle and New York had been done where volunteers among citizens provided trash to be tagged which was then disposed to trash bins. The tags traced the path followed by trash like transfer points and travel distance from the land fill etc. till it reached its final destination. This information allowed citizens to become more aware of hazardous waste and aided municipal authorities in keeping track of flaws in management system for solid wastes in cities.
In Longhi et al. (2012) wireless sensor network has been deployed which consists of sensor nodes positioned on garbage bins monitoring whether bins are completely filled or not. This information is sent to remote server that is interfaced with internet, displaying overall picture of solid waste collection network to customers. The customers can access the web browser to keep track of waste collection truck's schedule so that check and balance is kept at customer end as well.
In Catania and Ventura (2014) , the authors have utilized M3 software platform for information sharing in solid waste monitoring as well as waste collection cost optimization. Two types of sensors are placed on trash bins i.e. proximity sensors that keep track whether bin is full or not and weight sensors that keep track of amount of trash thrown inside the bin. The sensor node forwards this information to gateway module (hoisted on a lamppost) through ZigBee communication. The gateway module is equipped with the GPS technology so that it can monitor position/ location of trash bins placed within its' close vicinity. The gateway then forwards data to control center that evaluates the information and divides any area into clean or dirty areas and performs route optimization for vehicles dispatched for waste collection. The authors have provided an android application in order to facilitate users and inform them of status of trash bins in their areas.
Precipitation monitoring
Urban pollution has resulted in drastic climatic changes which in turn have altered the hydro-logical cycle for example natural course of water has shifted so has the annual precipitation, humidity level in an area and temperature in urban areas. Day after day, more and more trees are cut down to accommodate ever increasing citizens and vehicular pollution is also causing harm to the surrounding environment. Therefore, we need to carefully monitor precipitation pattern changes as well as temperature levels in urban areas during different times of year so that cause and effect analysis can effectively be done.
Traditional methods of meteorological monitoring involve the use of single device at different places and different instants of time and then aggregating the segregated data into a pattern. This method is prone to errors and has large probability of loss or misinterpretation of data. An automatic and cost effective answer to this problem is at hand. Wireless sensor nodes have become rather cheap due to advances in miniaturized integrated circuits 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 and telecommunication. Therefore, wireless sensor networks can be densely administered in an urban environment in a decentralized manner to ensure faster computing as well as cost reduction and less prone to error/failure (cf . Table 13 ).
In Murty et al. (2008) the authors have presented a novel and highly scalable solution to multiple urban-based problems. They envision a distributed wireless sensor network based on mesh topology that acts as a ubiquitous monitoring system for multiple applications like meteorological monitoring and vehicular monitoring etc. The sensor nodes consist of sensors that monitor precipitation, humidity, wind speed and direction, temperature and pressure. Sensor nodes are mounted on top of streetlights and draw power from AC mains powering the streetlights. This reduces the node's requirement to be low-powered as its battery life has no limit. The nodes are directly re-programmable due to absence of centralized entity, enhancing the flexibility of "CitySense". Li et al. (2010) have proposed a routing algorithm based on hybrid LEACH-differential evolution protocol for meteorological monitoring. The sensor node measures five parameters i.e. water flow and quality, precipitation, evaporation and level of water. The authors argue that hydrological stations not only are expensive but also add up inaccuracy for precipitation monitoring. Therefore, they have provided a novel routing protocol to collectively enhance the network performance and mandate the reliability as well as making cluster based WSN more suitable for meteorological monitoring.
Water pipeline monitoring
It is estimated that approximately 1.2 billion individuals do not have access to pure drinking water in the World. Therefore, elaborate water distribution systems are constructed as water quality is not the same in all regions, transporting water via pipelines to areas experiencing water shortage etc. A large amount of pipeline water is wasted due to late or no detection of water pipeline leakages. In addition, pipelines can degenerate due to corrosion, deteriorating the water quality even more. Therefore, assiduous monitoring along with timely maintenance of pipelines is required to ensure water conservation on the long run.
Water pipeline monitoring can be a challenging task when the pipelines are spread out for long distances of hundreds of thousands of kilometers. Manual inspection on such a multitude can be very time consuming not to mention costly. Mechanical and electromagnetic measures like eddy currents and ultrasonic are limited to irregular and in frequent monitoring. Therefore there is a clamant need for a monitoring system that continuously in situ monitors pipeline environment and send alerts whenever a undesirable change takes place. Wireless sensor networks are both cost effective and highly responsive to environmental changes. Therefore, WSNs are a desirable solution to the problem of water pipeline leakage and health monitoring (cf . Table 14 ).
In Almazyad et al. (2014) , a wireless sensor based solution in conjunction with the RFID technology has been proposed. Maintenance challenges, energy consumption and efficient use of memory are the parameters considered for optimization. The sensor node is designed to monitor temperature, water flow, pH level, acoustic and pressure inside water pipeline. The system architecture consists of mobile sensor nodes that are coordinated in such a way that only one node is awake at a time and others remain in sleep mode which results in energy conservation. The on-duty sensor node relays pipeline information to RFID tags located outside the pipeline at regular distances. Whenever a switch has to be made between on-duty and sleeping node, it is based upon three conditions i.e. location, time and interrupt based. The authors have validated their findings through simulation on Matlab software and presenting a mathematical model for estimating energy conservation and memory usage. Whittle et al. (2013) have presented the idea of WaterWiSe i.e. an in-situ wireless sensor network that continuously monitors water pipelines' parameters like pressure, acoustics, consistency of flow and other factors as well. WaterWiSe is a test-bed implemented in 2009 in Singapore in order to successfully locate water leakage and perform efficient burst detection. It has now been expanded to 50 node network covering an area of over 80 kilometer square . The data extracted from sensors is collected online and managed and processed by a system abbreviated as IDEAS which presents the information as a GUI which helps in localization of water leakage. WaterWiSe also identifies the hotspots which are more prone to bursts so that preventive measures can be taken before hand.
In Jin and Eydgahi (2008) the authors have proposed the use of acoustic sensor networks while utilizing wave propagation theory for acoustic signals in order to monitor leakage or bursts in pipeline systems. The Lamb waves are generated inside the pipes on the sensor node and distance and strength of these waves when they echo back are measured and analyzed so that area of burst 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 65 66 can be successfully localized and repaired in time without excessive water loss. Stoianov et al. (2007) have presented the concept of PIPENET, a wireless sensor network for monitoring water quality, leaks and blockages in pure water as well as sewage water pipelines. The field trials were carried out in Boston where pH level and pressure changes in water flow due to leakages were monitored for water distribution systems while pressure and ultrasonic sensors were deployed in sewer systems for monitoring sewage overflow. The sensor nodes relay sensed information to GPRS modem mounted on lamppost which then relays it to Linux based server placed in lab.
Ubiquitous geo-sensing
Nowadays wireless sensor networks are extensively used for different dynamic applications in urban environments. Most of the WSN deployments are application specific and are designed to show performance within a specific domain with little or no adaptations for interfacing with other networks deployed in close vicinity. For example, WSN deployed for sewage gas monitoring works independently and has no link with sewage flooding alert wireless sensor network. There are many similar examples where WSNs have been deployed in an uncoordinated manner sharing little or no communication with neighboring WSNs. In order to perform coordinated decisions in urban environments, WSNs have to be modified to be interoperable and follow open standards forming a digital web of sensors (cf . Table 15 ).
In 1999, Neil Gross gave the vision of World being covered with electronic skin of sensors in which all sensors could openly communicate and transfer information despite belonging to heterogeneous networks. This idea has already been brought to life to some extent in urban environments. Resch et al. (2009) give a vision of live geo-sensing where sensors monitoring different environmental parameters are integrated and sent to a single server. The server then combines different sets of data and shows the user specific output in graphical form. High level processing is done on the server side instead on sensor side saving sensor battery life. Processed data is fed to geographic information system (GIS) model which generates the user specific output.
In Resch et al. (2010) Ubiquitous geo-sensing with no limitations of closed monolithic systems has been proposed. Bernd Resch et al. have presented Open Geospatial Consortium Sensor Web Enablement (OGC SWE) initiative as a step toward ubiquitous nature of sensor web. OGC SWE consists of standards for monitoring i.e. Sensor Observation Service (SOS) for retrieving information from heterogeneous sensors, Observations and Measurement (O'I&'M) for encoding readings from sensors into standard xml format, Sensor Alert Service (SAS) for sending alert messages whenever threshold values are exceeded. Resch et al. (2010) addresses compatibility issues in heterogeneous wireless sensor networks and uses Geographic Information System (GIS) with novel modifications for ubiquitous geo-sensing.
Commercial asset tracking
The most important aspect of commercial businesses is the customer service that hinges on active and innovative response to customer needs. In order to ensure that products are safely received by customers, asset tracking during different phases of storage and transportation is customary. Asset tracking of various products varies with the type of product to be monitored. Some products like frozen goods need tracking devices that can operate at very low temperatures while other products like metal containers need tracking devices that can tolerate signal interference caused due to metal surfaces. Wireless sensor networks are an intelligent solution employed for efficient asset tracking.
Traditional methods of product tracking include manually writing down identification number of each product while it is in inventory or being transported while slightly modern method involves use of bar codes to keep track of products. These methods are time consuming, unreliable and are more prone to human mistakes. Another solution is the use of Radio Frequency Identification technology which makes use of radio signals in order to keep track of products that move along a predetermined entry points and overall procedure is controlled leaving no probability of change in item's coordinates. In commercial asset tracking on the other hand, objects can be moved to different locations and change in environment can also take place, which makes the RFID technology to be insufficient on its own to fulfill the requirements of application scenario.
McKelvin Jr. et al. have proposed a system architecture that integrates wireless sensor networks with the RFID technology in order to perform reservoir management and product tracking (cf. Table 16 ). The environment selected for deployment of this system is an enterprise or large office environment. The authors of McKelvin et al. (2005) have used COT RFID system that comes along with its own database interface for item management. There are two types of nodes in general, host node connected to computer having database and reader nodes integrated with COT RFID. The host node uses its own radio transceiver to send a signal to reader node while the reader node can respond through its wireless sensor network, making communication a bi-directional entity.
Liu et al. have presented four different scenarios in which the RFID technology is integrated with wireless sensor networks in order to ensure intelligent asset tracking (Liu et al., 2007) . First of all, RFID tags are integrated with sensors which can only communicate with RFID readers and not among themselves i.e. tags are used for identifying objects while sensors provide environment sensing capabilities to RFID tags. The applications for this class of RFID and WSN integration are detection of product 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Table 15 Ubiquitous geo-sensing summary.
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Parameters Types of motes Type of network Resch et al. meddling, harmful substances and non-invasive tracking. In second scenario, RFID tags are integrated with wireless sensor nodes in such a way that they can communicate with readers as well as among themselves forming a multi-hop network topology. These RFID tags have applications in monitoring different surrounding environment parameters and the volume chemical containers in a storage area. Whenever chemical volume exceeds previously specified value, alarms are generated. RFID readers are integrated with wireless sensor devices or motes. An example of this type of integrated RFID-WSN system is to track how many pills patients take from the medicine bottles and if they forget to take it alarm or blinking light informs them to take their medicines whenever they come within the range of RF reader. In the fourth scenario, RFID system and wireless sensor network are deployed separately and the integration is done at the software level e.g. RFID system provides identification numbers to WSN while WSN provides other information like placement of asset or environmental changes. The example cited in Liu et al. (2007) for fourth scenario is the tourist tracking system that helps tourist guides to effectively find lost tourists and keep track of guiding routes. Leaders have specific tags attached to their chest like a badge that keeps relaying information to WSN nodes that keep track of leaders and inform lost tourists of their alleged location by way of help centers that are merely laptops connected to RFID readers. Mason et al. (2007) have used wireless sensor network for tracking gas cylinders in storage. The prototype implementation includes four gas cylinders attached to four motes, relay router that communicates with the base station which is installed indoors (personal computer). Motes are placed on gas cylinders in different places in order to incorporate non-line of sight situation. Results received in Mason et al. (2007) were very promising and authors also suggested to expand the number of gas cylinders from four to hundreds and increase scale of this application.
Another important application of wireless sensor networks is described in future direction of Wheeler (2007) . Andrew Wheeler has proposed that wireless sensor networks may prove to be feasible solution for tracking different medical equipment in the hospital. He argues that RFID systems are too costly for this application scenario and with a few modifications wireless sensor networks are an optimal solution to this problem. Small scale fading affects the signal significantly, but this problem can be alleviated by taking multiple readings and having a priori information of building etc.
Urban internet-WSN-IoT
The life in the cities like London, Tokyo or shanghai is growing at a fast pace. The people of city thrive on communication and social networks. Innovation and success go hand in hand with the reliability of communication networks i.e. mobile phone services, internet accessibility, and standalone networks within an organization. The importance of communication networks can be understood by analyzing the blackout of North East in 2003 affecting southeastern Canada and eight US states in north east for two days. The estimated cost of power outage resulted in a monstrous loss of 6 billion dollars and 11 casualties. Therefore, it can be seen that communication networks are backbone of urban success and their ability to enhance human communication through integration of different heterogeneous networks makes their deployment a necessity in an urban environment (cf . Table 17 ). Following are major examples of advancements regarding IoT in an urban environment.
Urbanet
Riva (2007) have proposed the idea of Urbanet which is the integration of various heterogeneous networks like MANET and wireless sensor networks. In an urban environment various networks are deployed in a localized environment with limited number of sensors and these sensors are programmed to communicate with their neighbors within the network having no or limited communication with web server. The concept behind Urbanet is that the sensors or nodes inside a network are able to communicate beyond the context of their own network with other networks in close vicinity. This creates a network of networks or an inter-network (urban internet) of heterogeneous networks. For example, VANET is integrated with a weather forecast network so that drivers may be pre-warned of sudden changes in weather or an enterprise network at the shopping mall may alert the driving by individuals of the possible discounts and other services offered by retailers. Evidently this integration requires the design of middleware that controls the media access and balances the data rate congestion due to simultaneous performance of various applications. Another problem with coexistence of heterogeneous networks is that some information shared within a network might be confidential and users may not want to disclose it to the outsider nodes. Whitehouse et al. (2004) is another example of integration of various networks in an urban environment in order to create an internet in which every user has access to multiple applications without any restriction. Whitehouse et al. have designed a programming abstraction that allows sensor networks to communicate information with far less complexity by making use of neighborhood abstractions. The authors have taken the example of object tracking in order to differentiate between HOOD programming abstraction and conventional methods of WSNs. In original object tracking there are several states and transitions while in HOOD there are five states and seven transitions that track an 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66   67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131 132 object over a specified area through neighborhood programming abstraction. Kruger et al. (2015) have designed a gateway device that is used for integration of wireless sensor network monitoring the water consumption in a building and local area network already deployed inside the building. Therefore, off-the-shelf devices were integrated together in order to create IoT featuring wireless sensors and laptops, smart phone and personal computers. The gateway communicated between 6LoWPAN based intelligent water meter and IPv6 LAN network in the building.
Object tracking
Water consumption monitoring
Healthcare-IoT
Huan-Chao et al. have proposed the integration of WLAN, PSTN, social networks, internet, WSN and WBAN in order to create m-IoT that stands for medical healthcare based internet of things (Keh et al., 2014) . They have described three layers of system architecture i.e. sensor layer, middle layer and application layer. The sensor layer comprises of sensors attached on the patient in order to monitor vital signs and smartphones that are used to store and forward physiological data to other devices and networks. The middle layer is composed of a gateway that is responsible for the integration of various communication protocols like facebook graph API, PSTN etc. It is also responsible for overall management of task assignment, monitoring etc. The application layer is responsible for web application that monitors patient's health, sends emergency notifications and tracks location of patient. The unified communications platform integrates instant messaging, videoconferencing, social network connectivity, telephone and email privileges etc. Therefore, caregivers can access any network in order to monitor their patient's vital signs' status and send notifications accordingly. Jalali et al. (2015) present the concept of data mining for identification of potential criminal activities in urban areas by utilizing surveillance-IoT. The use of cloud computing has been proposed in order to resolve big data handling and interdependency issues between heterogeneous networks collectively forming urban internet of things. The architecture proposed by authors in Jalali et al. (2015) , consists of three layers sensor layer, network layer and application layer. Sensor layer is composed of wireless sensor network of various sensors and RFID tags. Network layer consists of gateways that connect WSN, RFID and mobile phones based nodes to internet and vice versa. Application layer controls the information exchange and is also responsible for community and individual service provision like data processing, management and presentation. Three potential applications of proposed architecture have been presented that are transportation, healthcare and public safety. The authors have proposed the use of cameras to keep track of suspicious activities in urban areas by making use of data mining process and predict criminal activities based on person's activity on social networks.
Surveillance-IoT
Weather-IoT
As explained in Section 10, temperature changes in urban areas are usually highly susceptible to variation. Therefore there is a need to monitor these changes and study patterns of temperature changes. In Chang et al. (2010) , concept of city wide wireless weather sensing network has been proposed and implemented in Taipei, Taiwan. The wireless network of sensor nodes has been deployed throughout the city of Taipei, and a centralized storage center stores acquired data. The project was designed to enable 4-9 grade students to get knowledge about data collection and interpretation. Sixty sensor nodes were deployed all over the city in strategically selected schools. The sensor node collected humidity, temperature, wind speed and direction, amount of rainfall etc. The sensor node server was connected with internet which ultimately formed the internet of things. Similarly in Honjo et al. (2015) , temperature sensors are deployed all over Tokyo city and then spatial patterns in urban temperature changes are analyzed. The authors have investigated the minimum number of sensors needed for greater resolution of measurement data.
Conclusion
We have performed a comprehensive survey of wireless sensor network deployment in urban areas while trying our best to categorize each application scenario precisely and including those examples that sufficiently fit the scenario. It has been analyzed thorough rigorous research that in each application scenario, there is an innovative and novel integration of sensor networks and in some cases, the fine line between wireless sensor networks, VANETS, ad hoc networks, mesh networks and other similar networks has been merged so closely that it is almost impossible to distinguish between them. It has been envisioned by researchers that in near future all the heterogeneous networks will merge and form an electronic skin on the planet Earth. This paper is an attempt towards segregation as well as amalgamation of applications of wireless sensor networks. In future, this work can be further expanded to include more applications in urban areas as WSN is a vast and constantly growing field .  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66   67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
